One of the best-studied aspects of the K-Pg mass extinction is the decline and subsequent 47 recovery of open ocean export productivity (e.g., the flux of organic matter from the surface to 48 deep ocean). Some export proxies, including surface-to-deep water δ 13 C gradients and carbonate 49 sedimentation rates, indicate a global decline in export productivity triggered by the extinction. 50
in press at Paleoceanography indicated by the collapse of surface-to-deep water δ 13 C gradients in carbonates, a sharp decrease 72 in biogenic sedimentation rates, and improved carbonate preservation [Hsü et al., 1982a; Stott 73 and Kennett, 1989; Zachos et al., 1989; D'Hondt, 2005] . In the aftermath of the K-Pg extinction, 74 the recovery to pre-impact levels of surface-to-deep δ 13 C gradients coincided with the re-75 diversification of planktonic foraminiferal species richness [Coxall et al., 2006] . This diversity-76 δ 13 C correlation is striking, and has been interpreted to suggest that stable, species-rich ocean 77 ecosystems are either necessary for and/or dependent on relatively high export production 78 [D'Hondt et al., 1998; Coxall et al., 2006] . 79
There have been two primary hypotheses to explain the productivity change associated 80 with the mass extinction. An early model was the Strangelove Ocean Hypothesis, which 81 postulated the near complete cessation [Hsü et al., 1982b; Hsü and McKenzie, 1985] or reduction 82 [Zachos et al., 1989] of primary productivity in the surface ocean leading to reduced export of 83 organic matter to the deep ocean. Carbon cycle modeling showed that it was not necessary for 84 productivity to stop entirely to explain the loss of surface-to-deep δ 13 C gradients; a 10% 85 reduction in the efficiency of the biological pump sufficed [Kump, 1991] . More recently, 86 D'Hondt et al. [1998] suggested that primary productivity was nearly unchanged by the 87 in press at Paleoceanography weaker bentho-pelagic coupling in warmer seas [Thomas et al., 2000 , although later discounted 111 in Thomas 2007 ], a more rapid recovery of export productivity from the end-Cretaceous mass 112 extinction than indicated by δ 13 C gradients [Thomas, 2007] , and/or the regional maintenance of 113 pre-extinction levels of export productivity [Alegret and Thomas, 2009] . The last two mechanism 114 require that the collapse and recovery of δ 13 C gradients and other carbonate proxies primarily 115 record processes other than a reduction in the amount of export productivity during this time 116 interval [Thomas, 2007] , and calls into question inferred changes in export productivity across 117 the K-Pg boundary based on carbonate proxies alone. 118
Other export productivity proxies have also indicated the maintenance or rapid rebound 119 of organic fluxes after the extinction,, providing some support for the benthic foraminiferal 120 patterns. For example, siliceous sediments are commonly associated with productive regions of 121 the ocean so it is notable that New Zealand sites had siliceous blooms through the first million 122 years of the Paleocene, with an order of magnitude increase in diatom to radiolarian (primary 123 producer : consumer) ratios and a conspicuous lack of radiolarian extinctions [Hollis et al., 124 1995] . New Zealand sites also record an increase in "biogenic" barium (associated with sinking 125 organic matter) accompanying the siliceous blooms [Hollis et al., 2003 ]. In addition, 126 geochemical export productivity proxies including reactive phosphorus and organic carbon 127 content did not decline at the K-Pg boundary at one upwelling site in the western North Atlantic 128 Faul et al., 2003] , although the δ 13 C gradient collapsed [Quillevere et al., 2008] . 129
Finally, a very high resolution record of biomarkers (biodegradation resistant sterane and hopane 130 ratios) and δ 13 C organic and δ 15 N organic from the Fish Clay, Denmark, detail the initial decline and 131 rapid recovery to pre-boundary levels of algal export productivity and community composition 132 within 100 years of the impact [Sepulveda et al., 2009] . 133 in press at Paleoceanography Here, we seek to resolve the paradox of conflicting effects of the K-Pg boundary on 134 global surface ocean export productivity as recorded in carbonate productivity proxies (surface-135 to-deep water δ 13 C gradients, sedimentation rates, and carbonate preservation) and non-carbonate 136 productivity proxies (benthic foraminiferal community structure, biomarkers, and other 137 geochemical proxies like biogenic barium and organic carbon content). We estimate the relative 138 changes in export productivity in multiple ocean basins using biogenic barium. Biogenic barium 139 (Ba bio Berggren et al. [1995] . 200 We used X-ray fluorescence (XRF) measurements at 10 kV and 50 kV to obtain high-201 resolution records of barium (Ba) , iron (Fe) and titanium (Ti) in total counts from DSDP Sites 202 in press at Paleoceanography 
Productivity Proxy Compilation 237
We compare our results with published accounts of early Paleocene primary productivity 238 from studies of benthic foraminifera and non-carbonate geochemical proxies. We restrict our 239 comparison to a small subset of the available benthic foraminiferal proxy records, choosing the 240 taxonomic and stratigraphic stability of a single research group over the extensive coverage 241 offered by considering studies from the entire literature. In studies of benthic foraminiferal 242 community structure, the increased ratios of infaunal to epifaunal forms, buliminid taxa, and 243
Benthic Foraminiferal Accumulation Rates (BFAR) can be indicative of increased influxes of 244 export production to the seafloor [e.g., Gooday, 2003; Jorissen et al., 2007] . Therefore, the 245 benthic foraminiferal proxies summarized by our map (Figure 1) of organic matter reaching the seafloor. It is notable, however, that these studies also discuss the 256 temporal stability and relative quality of the export production, generally finding decreased 257 stability and/or food quality in the earliest Danian even in sites lacking evidence of declines in 258 total export production. We also consider the results and interpretations of three geochemical 259 studies: Blake Nose, east of Florida, using reactive P and organic C [Faul et al., 2003] ; 260 Marlborough, New Zealand, using biogenic barium, excess silica, and diatom/radiolarian ratio 261 proxies [Hollis et al., 1995; Hollis et al., 2003] ; and the Fish Clay, Denmark, using sterane and 262 hopane biomarkers, and δ 13 C organic and δ 15 N organic [Sepulveda et al., 2009] . 263 264
RESULTS AND DISCUSSION 265

K-Pg Boundary Related Changes in Export Productivity 266
Proxy data suggests that the K-Pg extinction did not affect export production the same 267 way in all ocean basins or habitats (Figure 1; in press at Paleoceanography [D'Hondt, 2005] , which found global declines in export productivity based on carbonate proxies 271 (e.g., surface-to-deep water δ 13 C gradients, sedimentation rates, and carbonate preservation). 272
We find a decrease in export productivity coincident with the K-Pg boundary in the 273 Atlantic (Vigo and São Paulo), Antarctic (Maud), and Indian (Wombat) Oceans (Figure 2) using 274 barium proxies (Ba excess , Ba/Al, Ba/Ti, and Ba/Fe) of organic flux to the deep sea. At Maud Rise, 275
Ba/Ti and Ba/Al ratios recover to pre-impact levels within ~350 kyr, supporting the rapid 276 resurgence in export productivity previously hypothesized on the basis of surface to deep δ 13 C 277 gradients [Stott and Kennett, 1989 , using same age model]. In contrast, barium proxies and 278 inferred organic fluxes fail to recover over the interval studied at São Paulo, Wombat, and 279
Vigo-a period of more than 600 kyr at Sao Paulo and Wombat (Figure 2 ) and more than 2 280 million years at Vigo (Figure 3) . well within the range of pre-boundary oscillations and exceeds pre-boundary export productivity 294 fluxes within ~300 kyr. We regard our measurements of Ba/Ti with some skepticism at ODP 295
Site 1209 during this interval given XRF limitations in measuring the very low Ti concentrations 296 in these sediments. When considered together, the best proxies at each Shatsky Rise site support 297 either no change (Ba/Fe ratios at ODP Site 1209) or a short, ~100 kyr burst in export production 298 in the North Pacific (Ba/Al, Ba/Ti, and Ba bio at DSDP Hole 577B and benthic foraminifera 299 proxies at ODP Site 1210). 300
The sites investigated to date using barium, benthic foraminifera, and other geochemical 301 proxies indicate differences in biotic responses by geography and habitat. At the largest scale, 302 organic fluxes at sites in the Pacific appear to be maintained or increased in the earliest Danian, 303 while most sites in the North Atlantic show large, persistent declines in export production 304 (Figure 1 ). This global heterogeneity does not appear to be a proxy artifact. Both benthic 305 foraminifera and barium proxies in North Atlantic and Tethyan sites near Vigo Seamount (e.g., 306
Loya, Bidart, Agost and Aïn Settara) show boundary declines, while both benthic foraminifera 307 and barium in North Pacific sites at Shatsky and Hess Rise support maintained to increased 308 organic fluxes in the very earliest Danian. 309
The pattern in the South Atlantic is more complex. At Walvis Ridge, in the eastern South 310 Atlantic, benthic foraminifera proxies indicate no change in total export production across the 311 boundary [Alegret and Thomas, 2007] . Conversely, there is a large drop in export production 312 measured by Ba/Ti at São Paulo, in the western South Atlantic. A drop in export production is 313 also indicated at Maud Rise, near Antarctica, by benthic foraminifer (low resolution) and barium 314 proxies. However, the export productivity decline at Maud Rise is within the scope of pre-315 boundary oscillations (Figure 2c Pacific-indicate a brief burst of export productivity, the opposite of the expected habitat effect 360 as described above. Other environmental factors like the proportion of calcareous to siliceous 361 primary producers also do not appear to explain the boundary change in export productivity. The 362 in press at Paleoceanography most carbonate dominated (Shatsky Rise) and siliceous dominated (New Zealand) sites both 363 exhibited an early burst in export productivity despite dramatic differences in extinction of 364 dominant fossilized primary producers and consumers. 365
We similarly do not find support for the hypothesized hemispherical effect of the K-Pg 366 impact [Jiang et al., 2010] , which suggested a delayed recovery in northern hemisphere sites 367 relative to southern hemisphere sites due to impact-related heavy metal poisoning. Some sites 368 with an early Paleocene export productivity burst (Shatsky and Hess Rise, North Pacific) or with 369 relatively unaffected export productivity (Fish Clay, Denmark) are in the northern hemisphere. 370
Conversely, some southern hemisphere sites have decreased, rather than increased, export 371 productivity (São Paulo, Wombat). The distance from the impactor (shown to be important for 372 recovery of nearly coastal mollusks [Jablonski, 1998 ]) also appears unrelated to the change in 373 export productivity, with relatively unaffected or rapidly recovered sites (Fish Clay, Denmark 374 and Blake Nose, South Atlantic) equal or closer to the impact site than sites with strongly 375 depressed export productivity (e.g., Vigo Seamount). 376
A change in circulation, weathering, and/or stratification [the first two as proposed in 377
Alegret and Thomas, 2009 ] could drive a spatially heterogeneous change in export productivity. 378
However, there is no evidence for regional changes in any of these three drivers at the K-Pg 379 boundary, and it is unclear what could drive and maintain regional changes in circulation, 380 weathering, or stratification for up to 2-million years. Regional variation in the extinction 381 intensity and recovery of un-or poorly fossilized marine groups offers an equally speculative 382 hypothesis for the spatially heterogeneous changes in export productivity. In sum, we find 383 evidence against a number of potential drivers of the spatial and temporal heterogeneity of export 384 productivity change -including habitat type, dominant primary producer, hemispherical impactor 385
in press at Paleoceanography effects, distance from the impactor. Other plausible scenarios currently lack positive support and 386 include heterogeneity in the K-Pg response of circulation, weathering, stratification, or the 387 extinction and recovery of unfossilized marine species. Insight into the mechanisms driving the 388 spatial and temporal heterogeneity of export productivity change across the K-Pg boundary thus 389 awaits further empirical and theoretical research. 390 391
The K-Pg Impact and the Fidelity of Carbonate Productivity Proxies 392
An apparent global collapse in export productivity indicated by the surface-to-deep δ 13 C 393 gradient contradicts benthic foraminiferal and non-carbonate geochemical proxies in the Pacific 394 and some Atlantic sites (Fig.1, 2) . In these locations, processes other than export productivity 395 must dominate the signal in one or more of the productivity proxies. We highlight several 396 biological and biogeochemical effects of the K-Pg impact and extinction that may affect the 397 fidelity of carbonate productivity proxies in the early Paleocene. 398
The K-Pg impact lead to the extinction of nearly all species of the dominant surface 399 ocean carbonate producers, including the calcareous nannoplankton and the planktonic 400 foraminifera, with direct biological and ecological effects on Paleocene [Zachos and Arthur, 1986; Zachos et al., 1989; Bralower et al., 2010] . 424 425
CONCLUSIONS 426
The end-Cretaceous mass extinction temporarily changed the global geography of the 427 export of organic matter from the surface ocean to the deep sea; some regions had profound 428 reductions in export productivity that persisted for up to 2-million years, while others were 429 characterized by constant or rapidly re-established organic flux from the surface ocean to the 430 deep sea floor. A globally and temporally heterogeneous response of export productivity is in 431 keeping with the highly regional responses of ecosystems in other environments -terrestrial, 432 shallow marine, and near coastal-to the K-Pg boundary events [Hollis et al., 1995 Our study demonstrates the utility of barium proxies for quantifying changes in export 437 productivity during events when proxies like carbonate δ 13 C or sedimentation rate may be 438 affected by biological factors like extinction and ecological change. We find general 439 concordance between non-carbonate geochemical proxies for export productivity -like barium-440 and the response of benthic foraminiferal community structure, suggesting that carbonate proxies 441 may record other changes in factors other than (or in addition to) local export productivity during 442 this interval. 
